Background
KRAS and BRAF V600E mutations are important predictive and prognostic markers, respectively, in colon cancer, but little is known about patient and clinical factors associated with them.
Methods
Two thousand three hundred twenty-six of 3397 patients in the N0147 phase III adjuvant trial for stage III colon cancer completed a patient questionnaire. Primary tumors were assessed for KRAS and BRAF V600E mutations and defective mismatch repair (dMMR) status. Logistic regression models and categorical data analysis were used to identify associations of patient and tumor characteristics with mutation status. All statistical tests were two-sided.
Results

KRAS (35%) and BRAF
V600E (14%) mutations were nearly mutually exclusive. KRAS mutations were more likely to be present in patients without a family history of colon cancer and never smokers. Tumors with KRAS mutations were less likely to have dMMR (odds ratio [OR] = 0.21; 95% confidence interval [CI] = 0.15 to 0.31; P < .001) and high-grade histology (OR = 0.73; 95% CI = 0.59 to 0.92; P < .001) but were more often right-sided. Among KRASmutated tumors, those with a Gly13Asp mutation tended to have dMMR and high-grade histology. Tumors with BRAF V600E mutations were more likely to be seen in patients who were aged 70 years or older (OR = 3.33; 95% CI = 2.50 to 4.42; P < .001) and current or former smokers (OR = 1.64; 95% CI = 1.26 to 2.14; P < .001) but less likely in non-whites and men. Tumors with BRAF V600E mutations were more likely to be right-sided and to have four or more positive lymph nodes, high-grade histology, and dMMR.
Conclusions
Specific patient and tumor characteristics are associated with KRAS and BRAF V600E mutations.
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Colon cancer is the fourth most common malignancy in the United States, with more than 100 000 new case patients diagnosed each year (1) . Its pathogenesis involves the accumulation of genetic and epigenetic modifications that regulate proliferation, apoptosis and angiogenesis (2) . The activation of the epidermal growth factor receptor (EGFR) signaling cascade is a well-described pathway leading to colon tumorigenesis (3); moreover, mutations within the KRAS and BRAF proto-oncogenes located downstream to EGFR within this pathway lead to its constitutive activation (4, 5) . KRAS mutations are present in approximately 35% to 40% of colon cancers, with roughly two-thirds of these mutations in codon 12 and one-third in codon 13 (6) . The presence of a KRAS mutation is predictive for resistance to anti-EFGR monoclonal antibodies (mAbs) in advanced colon cancer (7, 8) . However, the biological and functional consequences of KRAS mutations at codon 12 may be different than those at codon 13. It has been suggested that patients whose tumors harbor a KRAS Gly13Asp mutation may benefit from anti-EGFR mAb therapy (9) (10) (11) . BRAF activating mutations, specifically V600E, occur in less than 10% of patients with sporadic colon cancer (12) and are a strong negative prognostic marker (13); however, their predictive value for efficacy of anti-EGFR mAb treatment is less certain (14-16).
To date, few studies have evaluated the associations of epidemiologic factors with these mutations. Hence, using prospectively collected patient questionnaire (PQ) data from a large phase III clinical trial (N0147), along with the corresponding KRAS and BRAF V600E mutational status of the patients' primary colon tumors, we described patient and tumor characteristics associated with these mutations.
Methods
The clinical trial N0147 was designed by the North Central Cancer Treatment Group in collaboration with the National Cancer Institute and the National Cancer Institute-sponsored cooperative groups. This trial evaluated different chemotherapy regimens with or without the addition of cetuximab, an anti-EGFR mAb, for the adjuvant treatment of patients with node-positive colon cancer. Patients were required to have complete en bloc resection of histologically proven stage III (any T, N1-2, M0 tumors) colon adenocarcinoma that was at least 12 cm from the anal verge. Before enrollment, each participant signed an institutional review boardapproved, protocol-specific informed consent in accordance with federal and institutional guidelines. The results of this trial were reported and published separately by Alberts et al. (17) . Patients were classified based on race as whites and as non-whites, including American Indian, Alaskan native, Asian, black or African American, and Native Hawaiian or other Pacific Islander. 
Patient Questionnaire
KRAS and BRAF
V600E Mutation Status Assessment of KRAS and BRAF V600E (NCBI Entrez Gene 673) mutational status was performed centrally at the Mayo Clinic, Rochester, Minnesota, in a Clinical Laboratory Improvement Amendmentscompliant laboratory. DNA required for the mutation testing was extracted from paraffin-embedded tumor tissue. KRAS testing was performed with the DxS mutation test kit KR-03/04 (DxS, Manchester, UK), together with the Light-Cycler 480 (Roche Applied Sciences, Basel, Switzerland), which assesses seven different potential mutations in codons 12 and 13 (Gly12Ala, Gly12Asp, Gly12Arg, Gly12Cys, Gly12Ser, Gly12Val, and Gly13Asp). Tumors with any of the aforementioned KRAS mutations were classified as mutant KRAS, whereas the rest were classified as wild-type KRAS. Assessment for the BRAF V600E mutation was performed using a Mayodeveloped multiplex allele-specific polymerase chain reaction-based assay. After amplification, polymerase chain reaction products were analyzed on an ABI 3130xl instrument (Life Technologies, Applied Biosystems, Grand Island, NY) and scored for the presence or absence of the V600E variant only. Tumors with the BRAF V600E mutation were classified as mutant BRAF (vs wild-type).
Expression of DNA MMR Proteins
Immunohistochemical analyses of the protein expression of three DNA MMR proteins (ie, MLH1, MSH2, and MSH6) using commercially available antibodies were performed and graded as previously described (18) . The MMR status was defined as proficient if all three proteins were detected; otherwise, the tumor was classified as dMMR (deficient).
Statistical Analysis
The primary goal of this analysis was to identify epidemiologic and clinicopathologic factors associated with KRAS and BRAF V600E mutational status. Logistic regression models were used to detect associations of these characteristics with each of the mutations. The distributions of patient characteristics, risk, and tumor and clinicopathologic factors were initially evaluated using summary statistics for continuous variables (eg, means, medians), categorical data analysis [eg, Kruskal Wallis (19), χ 2 (19) , or Fisher exact test (20)], and univariate logistic regression models to further categorize and define the final covariables used for multivariable analysis. Statistical tests were two-sided, and P values of .05 were considered significant. P values less than .003 (ie, 0.05/16) could be considered significant when accounting for tests of association of 16 individual factors with each of KRAS and BRAF
V600E
. However, in this study no adjustment was considered for the P values obtained from the univariate models identifying candidate variables to be used in multivariable models because the latter inherently adjusted for all covariables within a model. Furthermore, P values were not adjusted for analyses of KRAS submutations because these were secondary endpoints. Statistically significant (ie, unadjusted P < .05) characteristics based on univariate models using the 16 individual factors were then included in multivariable models using stepwise and backwards model selection procedures. Both modeling procedures resulted in a final multivariable model for each mutation and provided estimates of odds ratios (ORs) and confidence intervals (CIs) for each statistically significant patient, risk, tumor, and clinicopathologic characteristic associated with the mutational status.
Data collection and quality assurance were managed by the Clinical Trials Support Unit until September 2011; thereafter, all data collection, quality assurance, and statistical analyses were conducted by the North Central Cancer Treatment Group Statistics and Data Center. Analyses were performed using intention-to-treat principles. The data analysis for this article was generated using SAS/STAT software (version 9.3 of the SAS System for LINUX (SAS Institute, Cary, NC).
results
Epidemiologic and Clinicopathologic Factors
A total of 3397 patients were registered onto the clinical trial, 2502 of whiom enrolled during the time when PQ data were collected at registration (this was discontinued on August 18, 2008) . The completed PQ form was available for 2326 (93%) patients. Of these, 2222 (96%) and 2166 (93%) tumors yielded KRAS and BRAF
V600E
Downloaded from https://academic.oup.com/jnci/article-abstract/106/7/dju106/1008619/Patient-and-Tumor-Characteristics-and-BRAF-and by guest on 07 October 2017 mutation status, respectively. There were 783 (35%) tumors that had KRAS mutations, of which 191 (24%) were KRAS Gly13Asp, whereas 310 (14%) tumors had a BRAF V600E mutation. Of 2231 tumors analyzed for MMR status, 279 (13%) were characterized as dMMR. The distribution and frequencies of the various patient, tumor, and clinicopathologic characteristics are summarized in Table 1 . Risk factors are detailed in Table 2 , and specific KRAS mutations are enumerated in Supplementary Table 1 (available online) .
The majority of patients were aged less than 70 years (83%), were white (87%), and had a BMI greater than 25 kg/m 2 (71%); 75% had T3 primary tumors, and 46% of tumors were located distally. Compared with patients with mutant KRAS tumors, those with wild-type KRAS tumors were more likely to be aged 70 years or older (185 vs. 14%; P = .03), to be former/current smokers (56% vs 50%; P = .01), and to have a first-degree relative with a history of colorectal cancer (15% vs 10%; P < .001). Patients with wild-type KRAS tumors were also more likely to have dMMR status (17% vs 5%; P < .001), high-grade histology (27% vs 21%; P < .001), and a distal tumor (51% vs 40%; P < .001) than those with KRAS-mutated tumors (dMMR: OR = 0.21, 95% CI = 0.15 to 0.31, P < .001; high-grade histology: OR = 0.73, 95% CI = 0.59 to 0.92, P < .001). When compared with tumors with other KRAS mutations, tumors with a KRAS Gly13Asp mutation were more likely to have highgrade histology (28% vs 18%; P = .006) and dMMR status (9% vs 4%; P = .003) status. -mutated tumors were more likely to be aged 70 years or older (34% vs 14%; OR = 3.33; 95% CI = 2.50 to 4.42; P < .001), female (63% vs 45%; P < .001), white (94% vs 85%; P < .001), and a current/former smoker (62% vs 52%; OR = 1.64; 95% CI = 1.26 to 2.14; P < .001). Tumors with BRAF V600E mutations were more likely to be associated with dMMR status (47% vs 7%; P < .001), four or more positive nodes (49% vs 39%; P < .001), highgrade histology (47% vs 22%; P < .001), proximal location (86% vs 48%; P < .001), and T4 depth of invasion (14% vs 10%; P = .04).
Associations Between Factors and KRAS or BRAF Mutations
Univariate logistic regression models identified the following factors as statistically significantly associated with having wild-type KRAS status: age of 70 years or older, current/former smokers, 30 or more pack-years of smoking, family history of colorectal cancer, and tumors classified as either high grade, left-sided, or dMMR ( Figure 1A) . BRAF V600E mutations were statistically significantly associated with advanced age, female sex, white race, four or more positive nodes, high grade, stage T4, proximal tumors, current/former smoking, 30 or more pack-years of smoking, conditions of the esophagus and colon, and dMMR ( Figure 1B) .
In the analysis using multivariable logistic regression models, we reviewed models that included tumor and clinicopathologic characteristics separate from the epidemiologic factors (Table 3) . As shown univariably, tumors with BRAF V600E mutations were statistically significantly associated with dMMR status, proximal (right) tumor location, high histologic grade, and four or more positive lymph nodes for tumor factors. Epidemiologic factors associated with BRAF V600E mutations included age of 70 years or older, white race, female sex, and current/former smoking history. Patients with mutated KRAS tumors were statistically significantly less likely to have a first-degree relative with colorectal cancer, be a current/former smoker, or have tumors that are left-sided, have a high histologic grade, or have dMMR status.
Discussion
The primary outcome (disease-free survival) of patients enrolled in clinical trial N0147 (17) and the prognostic impact of molecular features (KRAS, BRAF, MMR) in the patients' resected colon tumors (21) have been previously reported. This article summarizes epidemiologic (ie, cigarette smoking) and clinicopathologic features (ie, MMR and tumor grade) associated with the KRAS and BRAF V600E mutation status of tumors in enrolled subjects. Cigarette smoking history is a known risk factor for developing colon cancer (22) . Studies have demonstrated that carcinogens present in tobacco smoke can induce cancer-related base substitutions such as G:C → A:T transitions in RAS oncogenes (23, 24) . However, our study found that colon cancers from patients with a history of current or former smoking were less likely to harbor a KRAS mutation. Similarly several population-based studies found cigarette smoking to be associated with colorectal cancers with * ASA = acetylsalicylic acid (aspirin); CRC = colorectal cancer; GI = gastrointestinal; NSAID = nonsteroidal anti-inflammatory drug. † Two-sided χ 2 test. ‡ P value would not be statistically significant if adjusted for tests of association of 16 individual factors requiring P < .003 to be considered statistically significant. § Almost no activity (mainly sitting), mild activity (walking for short periods, but not lifting or carrying), moderate activity (walking quite a lot, but not lifting or carrying), heavy activity (usually running, lifting, or carrying).
wild-type copies of the KRAS gene (25) (26) (27) . In contrast with KRAS mutations, our study reveals an association between current or former smoking history with the presence of BRAF V600E mutations in tumors. Previous studies in colorectal cancer have described this association of cigarette smoking with BRAF V600E mutations, in addition to finding these tumors to be CpG island methylator (28, 29) . Although the exact mechanism remains unknown, preclinical studies have shown that tobacco exposure can stimulate DNA methyltransferase activity that is associated with CIMP (30) .
CIMP-high is detected in approximately 20% to 30% of colon cancers (31, 32) and leads to transcriptional silencing of certain genes, including MLH1, that results in dMMR sporadically (33, 34) . Our study assessed the MMR status of tumors and found that 13% of the study cohort showed dMMR status, which is consistent with other studies (35, 36) . Most (90%) colon cancers with dMMR status result from the inactivation of MLH1 in a background of CIMP; the remaining cases are due to germline mutations in the MMR genes that produce Lynch syndrome (37, 38) . A strong association between BRAF V600E mutations and dMMR status was found in our study, and although this study had the largest number of dMMR cases reported, the estimated odds ratios and 95% confidence intervals reflect the relatively modest size of the sample. This analysis lacked results of the CIMP status of the tumors to associate it with MMR, BRAF V600E , and smoking history results; however, an expanded molecular analysis of this cohort is ongoing as additional support for this work is secured. Nevertheless, previous data indicate that the CIMP-high subgroup, which exhibits a very high frequency of cancer-specific DNA hypermethylation, is strongly associated with epigenetic inactivation of MLH1 and the BRAF V600E mutation (39) . Therefore, the BRAF V600E mutation can serve as a surrogate marker for the CIMPhigh group showing sporadic dMMR status. The CIMP-low subgroup has been shown to be enriched for KRAS mutations 39). Although the temporal order of molecular events associating smoking history with dMMR and CIMP-high colon cancers remains incompletely defined, BRAF mutant tumors appear to be strongly associated with these epigenetically mediated phenotypes. Further studies providing a molecular explanation for these associations are needed.
Consistent with other reports (28) , patients with BRAF V600E -mutated tumors in our study were more likely to be aged 70 years or older, women, and of non-Hispanic white ethnicity.
BRAF
V600E
-mutated tumors were also more likely to have four or more positive nodes and T4 stage of disease, which suggest a more aggressive biology, as evidenced in the literature (13) . Both BRAF
-and KRAS-mutated tumors were more likely to be located in the proximal colon. To our knowledge, this is the first study to suggest that patients with KRAS-mutated tumors were less likely to have a family history of colorectal cancer. This seems contrary to previous studies that have suggested equal frequencies of KRAS mutations in sporadic and hereditary colon tumors, such as those seen in hereditary nonpolyposis colorectal cancer patients (40, 41) . dMMR status was less likely to be associated with KRAS mutations. However, if a tumor did have a KRAS mutation and showed dMMR, the mutation was more likely to be a KRAS Gly13Asp mutation (9% vs 4%). This reinforces the findings by Oliveira et al. (41) who demonstrated that sporadic dMMR tumors due to hypermethylation of the MLH1 promoter have a lower frequency of KRAS mutations compared with dMMR tumors with germline mutations or somatic mutations unrelated to MLH1. Among the latter groups, there was a higher frequency of Gly13Asp mutations compared with other KRAS mutations (41) . It was also noticed that among KRAS-mutant tumors, there was a positive association between KRAS Gly13Asp mutations and high-grade histology (28% vs 18%).
Recent studies evaluating the pathogenesis of colon cancers identified a "serrated pathway of carcinogenesis" in which colon tumors that arise from precursor serrated polyps are typically characterized by a proximal colonic location, dMMR status, CIMP-high status, BRAF mutation-positive status, and an absence of KRAS mutations (42). This described phenotype matches many of the patients in our study whose tumors possess BRAF V600E mutations and supports the existence of this serrated pathway. Furthermore, because cigarette smoking has been associated with colon tumors bearing this phenotype, it has been suggested that cigarette smoking may affect colon cancer risk through the serrated pathway of carcinogenesis (29) .
There are several limitations to our study. First, participants recollected the answers to several questions from memory when filling out the PQ form, hence possibly introducing reporting errors while classifying several patient risk characteristics such as smoking and alcohol history, physical activity levels, and family history of colorectal cancers. Our study lacked data on tumor CIMP status and cause of dMMR status (germline vs sporadic), which could have strengthened the associations and provided additional insights for some of the observations noted in our study. Finally, our population was mainly composed of non-Hispanic whites, and it is unknown whether the associations detected in our study would be similar for other ethnic groups, which should be further investigated in more diverse subject populations. Nevertheless, this is the largest prospective study that assessed both KRAS and BRAF V600E mutation status simultaneously to determine their independent associations with host and tumor characteristics. To our knowledge, this is also the first study to specifically look at the KRAS Gly13Asp mutation among KRAS-mutant tumors and describe its association with dMMR and high-grade histology colon tumors.
In conclusion, our study suggests that specific epidemiologic and clinicopathologic characteristics are associated with KRAS and BRAF V600E mutations. Specifically, age of 70 years or older, smoking, high-grade histology, and dMMR status were associated with a lower incidence of mutant KRAS tumors but a higher incidence of BRAF V600E -mutated tumors. Both mutations tend to be right-sided and nearly mutually exclusive, but BRAF V600E -mutated tumors are more common in females, non-Hispanic white patients, those having four or more positive lymph nodes, stage T4 disease, and those with a history of gastrointestinal conditions. Finally, within KRASmutant tumors, those with a KRAS Gly13Asp mutation tend to be associated with dMMR status and high-grade histology. Further studies are warranted to define the mechanism and temporal order of events brought about by the aforementioned epidemiologic and clinicopathologic characteristics that may explain their association with these specific mutations. 
